Robotic parathyroidectomy represents a novel surgical approach in the treatment of primary hyperparathyroidism when the parathyroid adenoma has been pre-operatively localised. It represents the "fourth generation" in the evolution of parathyroid surgery following a process of surgical evolution from cervicotomy and 4-gland exploration to a variety of minimally invasive, open and endoscopic, targeted approaches. The existing evidence (levels 2-3) supports it as a feasible and safe technique with equivalent results to targeted open parathyroidectomy for primary hyperparathyroidism in carefully selected patients. However, it takes longer to perform and is more costly than conventional parathyroidectomy. It offers superior cosmesis by completely avoiding a neck scar making it a valid option for those patients who for biological and/or cultural reasons may wish to avoid a neck scar. Robotic parathyroidectomy is not for every patient, surgeon, or hospital. Its application should be confined to highvolume centres and experienced surgeons. Intensive training and proctorship are required for its safe implementation combined with careful patient selection. This particularly relates to the patient's body habitus (BMI < 30 kg/m 2 ) and concordance among the different imaging modalities used pre-operatively. With robotic market competition driving down costs, its role may change. For now, robotic parathyroidectomy occupies a niche role and can only be justified in a select subset of patients.
Introduction
The incidence of primary hyperparathyroidism (pHPT) is estimated to be between 1 and 4 per 1,000 of the population making it the third commonest endocrine disorder after diabetes mellitus and osteoporosis [1] . pHPT has a preponderance for females (3: 1 female-to-male ratio) with the majority (80%) of cases being the result of a single functioning parathyroid adenoma. The remainder are attributed to parathyroid hyperplasia or, less commonly, multiple adenomas [2, 3] .
Targeted parathyroidectomy is the indicated treatment for pHPT when the parathyroid adenoma has been localised pre-operatively. Various minimal and remote access techniques have been described, both open and endoscopic, though no approach has been shown to be overwhelmingly superior [4] .
With the introduction of the da Vinci ® surgical robot (Intuitive Surgical Inc., Sunnyvale, CA, USA), the latest addition to the armamentarium of parathyroid surgeons is robotic parathyroidectomy [5] . This approach overcomes the technical limitations associated with conventional endoscopic surgery whilst offering equivalent long-term results in terms of cure rates compared to the pre-existing techniques. Moreover, it achieves so without leaving the patient with any scar in the neck [5] . This review discusses the evolution of parathyroid surgery ultimately leading to the development of robotic parathyroidectomy, the evidence underlying this novel technique, its benefits and drawbacks, cost-effectiveness and value, current status, and possible future role.
Evolution of Parathyroid Surgery: From "Exploratory" to "Targeted" Surgery
The first successful parathyroidectomy was performed in 1925 in Vienna by Felix Mandel [6] . Over the subsequent decades, treatment involved 4-gland exploration, a procedure involving a cervicotomy, identification of all four parathyroid glands and resection of the macroscopically pathological one(s).
As with all surgical operations, with time, parathyroidectomy evolved. The decisive factor related to the introduction of sestamibi scintigraphy as a new localisation technique. Sestamibi scintigrams were shown to be significantly more accurate than pre-existing imaging modalities in localising the parathyroid adenoma [7] .
This ability to accurately predict where the adenoma is located pre-operatively changed the ethos of parathyroidectomy from an "explorative" to a "targeted" approach, thus making unilateral surgery a valid option. Another important innovation related to the development of the quick intraoperative parathyroid hormone assay to assess surgical adequacy following resection of the abnormal gland(s) [8] .
Numerous targeted parathyroidectomy techniques were subsequently described. Examples include endoscopic parathyroidectomy first described by Gagner in 1996 [9] , minimally invasive parathyroidectomy via a lateral neck approach first described by Henry et al. in 1999 [10] , and video-assisted parathyroidectomy first described by Miccoli et al. also in 1999 [11] . These targeted parathyroidectomy techniques were shown to produce excellent cure rates equivalent to 4-gland exploration and, as a result, were widely implemented [12] . However, they were all characterised by a common limitation, the presence of a neck scar (or more than one neck scars for certain endoscopic approaches).
Though a neck scar does not usually constitute a problem, there is a subset of patients that may have valid reasons for wanting to avoid this. This primarily relates to patients with a predisposition to hypertrophic scarring and keloid formation. Certain races, such as patients of Afro-Caribbean origin and those with dark skin pigmentation are especially prone to it. Moreover, in certain cultures, particularly in the Far East, the impact of a neck scar on body image and psyche can be detrimental [13, 14] .
The above concerns relating to the presence of neck scar(s) led to the development of extracervical endoscopic parathyroidectomy. The first case was described by Ikeda et al. [15] in 2000 and involved an endoscopic transaxillary approach for pHPT and an anterior chest approach for secondary hyperparathyroidism. Though this novel technique completely avoided a neck scar through its translocation to a remote site (axilla or anterior chest), wider implementation was limited due to the constraints relating to endoscopic surgery in a remote and confined space, as is the neck. More specifically, limitations of endoscopic surgery involved the 2-dimensional visualisation, restriction in instrument movement, fulcrum effect, need for CO 2 insufflation, and dependence on multiple assistants [16] . These limitations mandated the development of a new surgical platform that would enhance dexterity and improve visualisation whilst maintaining the key advantage of extracervical endoscopic surgery, the avoidance of a neck scar.
Robotic Parathyroidectomy
In an attempt to overcome the aforementioned limitations of endoscopic surgery, robotic technology was introduced in the early 2000s. This was achieved through the unique features of the da Vinci ® surgical robot which includes a dual-channel endoscope offering simultaneous image magnification and depth perception through 3-dimensional visualisation combined with its wristed robotic instruments possessing 7 degrees of freedom, motion scaling, and tremor filtering, thus substantially enhancing surgical dexterity [17] .
Following the wide uptake of robotic surgery among the various surgical specialties and the concurrently increasing experience with endoscopic parathyroidectomy and robotic thyroidectomy, robotic parathyroidectomy was the next advance [18, 19] . This innovative technique representing the "fourth generation" in the evolution of parathyroid surgery was first described by Tolley et al. [5] in 2011 and involved a "scarless-in-the-neck" approach through an anterior chest (infraclavicular) incision and 3 trocars in the ipsilateral axillary line. In addition to the improved ergonomics compared to conventional endoscopic surgery, robotic parathyroidectomy does not require CO 2 insufflation.
The preliminary results demonstrated that robotic parathyroidectomy was a safe and feasible alternative to the other targeted parathyroidectomy techniques [5] . With time, the technique evolved to require only one incision in the axilla. Subsequent studies followed to reproduce the results and compare robotic parathyroidectomy to its minimally invasive open counterpart.
The Evidence Base
In today's modern surgical practice, no discussion of a novel surgical technique would be complete without presenting the evidence [18] . Contrary to robotic thyroidectomy characterised by an extensive number of studies and reviews, the evidence for robotic parathyroidectomy is limited [20, 21] .
Although robotic surgery has been performed successfully for the resection of both cervical and ectopic parathyroid adenomas, only the former are considered in this review. Ectopic parathyroid adenomas have been successfully resected with the da Vinci ® surgical robot from a variety of anatomical locations including the mediastinum [22] , pericardium [23] , retropharyngeal space [24] , and piriform sinus [25] . Thoracoscopic robotic approaches were used for the former two and transoral robotic surgery (TORS) for the latter two.
Concerning the safety and feasibility of robotic parathyroidectomy there is level 2b evidence to support its use as an alternative approach to targeted open parathyroidectomy in carefully selected patients. This includes both the anterior chest [5] and transaxillary approaches [26, 27] .
In terms of robotic parathyroidectomy for the treatment of secondary and tertiary hyperparathyroidism (and thus non-localised disease), there is a single case series reporting successful total parathyroidectomy in six end-stage renal failure patients. It is important to state that in this study access was through the axillary-bilateral-breast approach [28] . Other approaches have also been described (for pHPT) including the retro-auricular approach although evidence for this approach is level 5 as the only existing studies are two case reports [29, 30] .
There are two comparative studies in the literature evaluating robotic parathyroidectomy against its targeted open counterpart [19, 31] . Both are non-randomised prospective studies with matched controls (evidence level 2). These two studies offer the only direct comparisons for operative outcomes and patient-reported outcome measures between robotic and open targeted parathyroidectomy with no indirect comparisons performed to date [32] .
Operative time for robotic parathyroidectomy has been consistently shown to be significantly longer than that for its open counterpart (level 2). This is the case even after the learning curve has been surpassed. Despite this, no difference in mean blood loss or hospital stay has been demonstrated with all patients being discharged within 24 h. Minor complications were observed in both series with one patient developing a superficial wound infection [19] and another a seroma [31] . Both were managed conservatively (the former with oral antibiotics), and no adverse clinical outcome occurred in either case.
The recurrent laryngeal nerve was identified and preserved in all cases with all patients having normal pre-and postoperative fibre-optic laryngoscopy [19, 31] . In terms of cure rates, robotic parathyroidectomy was shown to be as effective as targeted open parathyroidectomy (level 2). All adenomas were identified and removed successfully with histopathological evaluation confirming hypercellular parathyroid tissue in all excised specimens [19, 31] . With the exception of one patient [19] , they all became normocalcaemic postoperatively and remained so during the follow-up period which exceeded 6 months.
With regard to flap-related complications -in view of the significantly larger area of subcutaneous dissection required for the robotic approach -the evidence is contradictory. Of the two existing comparative studies, one reported less pain for the robotic patients [19] whilst the other reported that three patients experienced "mild postoperative symptoms" relating to the flap [31] . This is likely to represent paraesthesia also described in the transaxillary robotic thyroidectomy literature [20] . There is no conclusive evidence with regards to postoperative pain for robotic parathyroidectomy compared to open surgery.
For postoperative quality of life, there is level 2 evidence that this is the same whether parathyroidectomy is performed robotically or conventionally [19] . Moreover, despite the anaerobic nature of the axilla, there is no evidence to support an increased infection rate over open surgery [19, 31] .
As with all operations, the importance of patient selection cannot be emphasised enough. Patients considered for robotic parathyroidectomy should have triple modality concordance with ultrasonography, sestamibi scintigraphy, and single-photon emission computed tomography to prevent failure and the subsequent need for 4-gland exploration via cervicotomy. Similarly, obese patients (BMI > 30 kg/m 2 ) are at higher risk of open conversion due to difficult access and thus should not be offered this approach (level 2). A full list of contraindications to robotic parathyroidectomy is presented in Figure 1 . When looking at scar cosmesis, robotic parathyroidectomy appears to be superior to its open counterpart (level 2). However, this difference in patient satisfaction in favour of robotic parathyroidectomy is only present for up to 6 months. Beyond this time frame, no difference has been shown from studies with long-term prospective follow-up exceeding 2 years [19, 31] .
Potential Benefits
Having established the safety and feasibility of robotic parathyroidectomy as well as its equivalence to targeted open surgery, the primary clinical advantage of the robotic approach appears to be the increased patient satisfaction achieved as a result of superior scar cosmesis. Robotic parathyroidectomy may therefore be justified in selected patients with a predisposition to hypertrophic scarring and/or keloid formation or those where the impact of a neck scar on body image could have detrimental effects on the individual's psyche often associated with social stigma [4, 13, 19] . As with all surgical operations, patient selection is paramount [33] .
An additional benefit of robotic parathyroidectomy involves the combination of supreme visualisation and precise tissue manipulation (Fig. 2, 3) [34] . A 3-dimensional, magnified view, wristed robotic arms with 7 degrees of freedom, tremor filtering, and motion scaling are collectively exclusive to the da Vinci ® surgical robot [5] . These features facilitate the precise identification and handling of vital structures in the confined space of the neck [19] .
Drawbacks
Currently, robotic parathyroidectomy is associated with a number of drawbacks that limit its role. The longer operative time of robotic parathyroidectomy constitutes a major drawback compared to targeted open surgery [19] . Nonetheless, this does not appear to lead to any adverse patient outcomes. The same applies to the increased area of the subcutaneous flap raised, which in itself is the prime reason for the prolonged operative time -even after the surgeon has surpassed their learning curve -along with the time needed for docking the surgical robot [19] .
Suspicion of malignancy (parathyroid carcinoma) 1.
Previous neck surgery 2.
Previous radiotherapy to neck and/or thorax 3.
Ipsilateral thyroid goitre (large) 4.
Obesity (BMI >30)

5.
Significant comorbidity (ASA >2) 6.
Significant ipsilateral acromioclavicular joint osteoarthritis 7. 
An important drawback of transaxillary robotic surgery relates to the potential of brachial plexus injury [35, 36] . Nevertheless, this complication has never been reported following transaxillary robotic parathyroidectomy -though such cases have been described (rarely) in the transaxillary robotic thyroidectomy literature [21, 34] . Similarly, injury to the internal jugular vein, trachea, oesophagus, and thoracic duct has not been reported with transaxillary robotic parathyroidectomy but the possibility is there in view of the surgical anatomy and these complications having been encountered (rarely) with transaxillary robotic thyroidectomy. Thus, these constitute theoretical risks of transaxillary robotic parathyroidectomy, and patients should be counselled appropriately during the informed consent process. Furthermore, surgeons must be prepared for their occurrence and be competent in managing these complications despite their rarity [37] . Appropriate training and proctorship play an important role in achieving the safe implementation and development of skills. The National Institute for Health and Care Excellence (NICE) in the United Kingdom loosely applies a cost-effectiveness threshold of GBP 30,000 per quality-adjusted life year (QALY) in cases where efficacy is proven and GBP 20,000 per QALY in cases where clinical effectiveness is more controversial [38] . Based on this and the current high cost of robotic parathyroidectomy combined with the low level of evidence to support its use, robotic parathyroidectomy cannot be considered a cost-effective intervention at present [39] . However, the increasing competition in the robotic surgery market combined with the upcoming expiry of patents currently held by Intuitive Surgical Inc. are likely to reduce the costs associated with robotic surgery in the near future [40] .
In the meantime, the largest barrier to adoption of robotic parathyroidectomy remains its prohibitive cost [5] . The cost of purchasing the da Vinci ® surgical robot is GBP 1.5 million. Added to this are maintenance costs averaging GBP 120,000 per annum and surgical consumables at approximately GBP 1,300 per case [18] . Intuitive Surgical Inc. have successfully monopolised the surgical robotics market to date. Their business strategy has involved the acquisition of key competitors (e.g. Computer Motion Inc., Santa Barbara, CA, USA) and patenting of several robotic components [41] .
A key driver for potentially reducing cost lies in developing robust market competition. ® surgical robotic system and Titan Medical (Toronto, ON, Canada) with the SPORT ® robot, is expected to make robotic surgical technology more widely affordable in the near future [21, 42] .
Similar to robotic thyroid surgery, centralisation of robotic parathyroidectomy services to national high-volume centres and experienced surgeons is key. This will not only enhance patient outcomes, but also keep costs to a minimum through improved surgical efficiency and utilisation [32, 43, 44] .
Current Status and Future Role
At present, the experience with robotic parathyroidectomy is limited and confined to a handful of high-volume centres in the United Kingdom and United States. The existing evidence is not particularly high level (levels 2-3) but confirms that robotic parathyroidectomy is a feasible and safe technique with equivalent results to targeted open parathyroidectomy for pHPT in carefully selected patients [19, 21, 33] .
The unique advantage of completely avoiding a neck scar whilst overcoming the technical limitations of conventional endoscopic surgery, gives robotic parathyroidectomy a promising -though niche -role for those patients who for biological and/or cultural reasons may wish to avoid a neck scar.
Conclusion
Robotic parathyroidectomy represents the "fourth generation" in the evolution of parathyroid surgery. However, its uptake remains limited as it occupies a niche role in current surgical practice. The technique is only indicated in a small subset of patients with pHPT who
